ABSTRACT Callirhytis cornigera (Osten Sacken) is a gall wasp that has alternating agamic and sexual generations that develop in large, woody stem galls and small, blister-like leaf galls, respectively, on pin oak, Quercus palustris Muenchhausen. We assessed the spatial distribution of the leaf galls within leaves, shoots, canopy levels, and whole trees, and examined the relationship between leaf gall density and various tree parameters. Within leaves, proportionately more galls were located on primary lateral veins (59.5%) or midveins (38.1%), as compared with the petioles (2.0%) or secondary lateral veins (0.4%). As many as 18 galls occurred on individual leaves, but most leaves contained 0Ϫ4 galls. Some current-year shoots contained as many as 132 leaf galls, but most shoots had Ͻ20 galls. Leaf gall density did not vary signiÞcantly among heights within individual tree canopies, but was highly variable between trees. Leaf gall density at the whole tree level was not related to the treeÕs rate of leaf-or shoot expansion. There was no relationship between tree-wide density of leaf galls and overall levels of foliar nitrogen, nonstructural carbohydrates, or protein binding capacity. The leaf galls supported a complex of hymenopteran parasitoids, including Aprostocetus spp., Pentastichus spp. (Eulophidae), Sycophila spp., Eurytoma sp. (Eurytomidae), Brasema sp. (Eupelmidae), and Ormyrus labotus Walker (Ormyridae). Parasitoids and inquilines accounted for nearly 80% mortality of C. cornigera within leaf galls; however, parasitism was only weakly density-dependent, regardless of spatial scale. Implications of these Þndings for management of C. cornigera are discussed.
HOST-PARASITOID INTERACTIONS and their relevance in explaining insect herbivore population dynamics have been the subject of numerous studies in forest and urban landscape systems (e.g., , Heads and Lawton 1983 , Hassell 1985 , Potter 1985 . Density-dependent parasitism is often invoked as the primary factor maintaining insect herbivore populations below levels at which competition for limited resources or severe plant damage could occur (Slobodkin et al. 1967 , Moran and Whitham 1990 , Turchin 1995 . Nevertheless, the importance of parasitism as a determinant of insect distribution patterns is still in dispute (Stiling 1987) .
The distribution of endophagous insects, especially gall-inducers, is typically aggregated both among and within individual plants; some individual plants are more heavily attacked than others, and some tissues within plants are preferentially attacked (Askew 1962 , Rosenthal and Koehler 1971 , Hails and Crawley 1992 . This nonrandom oviposition by females can have consequences for the growth and development of their gall-inhabiting progeny, especially when offspring are conÞned to the insular resources on which they hatched (Whitham 1981 , Åhman 1984 , Shorthouse and Rohfritsch 1992 . The age of plant tissues when eggs are laid affects the growth of progeny, resulting in selection for synchronization of insect emergence with plant phenology (Shorthouse 1986 , Hunter 1990 , Mopper and Simberloff 1995 . Subsequent vulnerability to natural enemies or other mortality factors may then be affected by the gallÕs relative position within the expanded leaf (Sitch et al. 1988) , shoot, or canopy of its host tree. Variability in host or module quality, as a result of shading, directional aspect, nutrient content, or allelochemical production, increases resource complexity (Whitham 1983) . Thus, estimates of the impact of parasitism or other mortality factors on gallinducers are often dependent on the spatial scale at which such relationships are examined (e.g., Heads and Lawton 1983) .
Gall systems are ideal for studying mechanisms affecting insect spatial distribution and mortality because galls can be sampled once, either before or after adult emergence, and evidence of the gall-inducerÕs fate is usually preserved within each gall (Cornell 1990, Hails and Crawley 1992) . For example, Lill (1998) found that the distribution of the hackberry nipplegall maker, Pachypsylla celtidismamma (Fletcher) (Homoptera: Psyllidae), varied among leaves, branches, and trees, and that parasitism was greater on multiply galled leaves, densityindependent at the branch level, and highly localized within heavily galled trees. Another study found that parasitism of a cynipid, Xanthoteras politum (Bassett), was enough to drive the population to localized extinction (Washburn and Cornell 1981) .
Callirhytis cornigera (Osten Sacken) is a native cynipid that has alternating agamic (all female) and sexual (male and female) generations that develop in large, communal woody stem galls and tiny, individual blister-like leaf galls, respectively, on oak trees. Pin (Quercus palustris Muenchhausen) and willow (Q. phellos L.) oak are most commonly attacked (Weld 1959, Johnson and Lyon 1988) . Development of the agamic and sexual generations requires about 33 mo and 9 wk, respectively (Eliason and Potter 2000b) . Stem galls on tree branches are aesthetically disÞgur-ing, cause branch dieback, and heavy infestations may kill trees either alone or in combination with other environmental stresses (Whyte and Ford 1980 , Johnson and Lyon 1988 , Taft and Bissing 1988 . Upon emergence from stem galls in early spring, females selectively oviposit into juvenile leaves within swelling buds, resulting in leaf gall formation along the larger leaf veins. By late May, larvae have consumed the nutritive cells within their leaf galls, and the galls have reached a maximum length of Ϸ2 mm. Larvae pupate within their individual galls. Adults of the sexual generation emerge in June (in Kentucky) and oviposit into young shoots.
We simultaneously examined the inßuence of treerelated factors and parasitism on the distribution and abundance of C. cornigera leaf galls within leaves and shoots, as well as variation within tree canopies and among whole trees. Correlations between gall density and tree characteristics, including rates of leaf and shoot expansion, concentrations of foliar nutrients, and protein binding capacity were examined as potential factors affecting leaf gall distribution. We also characterized the complex of parasitoids attacking the leaf-galling generation on pin oak, and tested for density-dependent parasitism at multiple spatial scales. Knowledge of these factors could help explain why populations may be prone to outbreaks on particular trees, as well as provide a basis for more effective management.
Materials and Methods
Study Site. This study was conducted on a privately owned horse farm in Lexington, KY, that has Ϸ200 pin oaks of similar size (Ϸ11 m tall) and age (20 yr old), spaced 10 m apart on either side of a road. Stem gall density varied greatly among trees. The trees were visually rated in January 1997 as being either lightly galled (trees having Ͻ10% of the branches with single, woody stem galls), moderately galled (trees having 40Ϫ60% of the branches with single and multiple stem galls), or heavily galled (trees having Ͼ80% of the branches with single and multiple stem galls). Four trees were haphazardly selected from each stem gall density category (e.g., lightly, moderately, or heavily galled), but Þnal ranking was based on each treeÕs sampled leaf gall density. Sampled trees did not physically contact any other tree.
Sampling of Leaf Galls. Gall density was hierarchically sampled from each tree to incorporate four spatial levels: leaves, shoots, height within canopy, and whole tree. Four apical shoots of current-year growth, Ϸ18 cm long, from the east side of the upper (7Ϫ8 m high), middle (5Ϫ7 m high), and lower canopy (3Ϫ5 m high) of each tree were harvested on 10 June 1997. Two additional shoots of current-year growth were similarly harvested from each canopy zone of the same trees on 23 June (just before wasp emergence, when all leaf galls contained pupae). Gall distribution data from both dates were pooled. From these sampled shoots, all leaves from the Þrst leaf ßush were examined for mature C. cornigera leaf galls. Leaves from the second ßush were not physically present in buds during the oviposition period; thus, they were excluded from all analyses. All individual galls collected on 23 June were cut from leaves with a cork borer (7 mm diameter) and held in gelatin capsules (2 cm long) at room temperature (22ЊC). Emergence of adult C. cornigera, parasitoids, and inquilines (i.e., arthropods that feed on gall tissue, but cannot induce their own galls) was monitored daily.
Chalcid parasitoids were identiÞed by M. Schauff and E. Grissell (USDA Systematic Entomology Laboratory, Washington, DC), and J. LaSalle (Natural History Museum, London). Cynipid inquilines were identiÞed by G. Melika (Systematic Parasitoid Laboratory, Koszeg, Hungary). Voucher specimens were deposited in the insect collection of the Department of Entomology, University of Kentucky.
Leaf Gall Distribution. Abundance and distribution of leaf galls were examined at each spatial scale. The mean Ϯ SEM, minimum and maximum number of leaf galls per tree (18-shoot sample), canopy height within trees (6-shoot sample), shoot, and leaf were determined for the 12 study trees. Leaf gall density was compared among canopy heights within trees using a nested analysis of variance (ANOVA) (SAS Institute 1995) .
Leaf gall density within trees was also calculated as the number of galls per shoot (total leaf galls/total shoots) and by the relative position of galled leaves within shoots. Because shoot length and the number of leaves per shoot varied, shoots were divided into Þve equal sections, such that the basal 20% of leaves on a shoot ϭ 1, and the apical 20% of leaves ϭ 5. These categories also indicate the relative age of leaves after expansion from buds, basal leaves being older. Leaf length, which is strongly correlated with leaf area (Sato 1991 , Clancy et al. 1993 , was measured for all galled leaves. Numbers of galls per shoot and per leaf were tested by chi-square against the null hypothesis of a Poisson (random) distribution (Zar 1996) . Numbers of galls that were located along the midvein, primary lateral veins, secondary lateral veins, or petiole, were compared by chi-square against the null hypothesis of an equal distribution.
Shoot and Leaf Characteristics. The plant vigor hypothesis (Price 1991) predicts that buildup of gall-inducer populations is favored on rapidly growing or vigorous hosts or host tissues. We therefore tested whether variation in overall leaf gall density among trees was related to the treeÕs percentage of leaf and shoot elongation in the spring, when leaf galls were developing. Four shoots from the lower canopy of each study tree were haphazardly selected and marked before budburst. Overall shoot length and the length of four basal leaves from each shoot were recorded when leaves had partially expanded (20 May 1997) and again as shoots were lignifying (14 August). The percentage of total growth that had occurred by the earlier date was determined.
We also examined the relationship between wholetree gall density and factors that may affect food quality for tree-feeding herbivores, including concentrations of foliar nitrogen and carbohydrates, and protein binding capacity (Mattson and Scriber 1987) . Ten current-year shoots were haphazardly collected from the lower and middle canopy of each study tree on 13 May 1997. Leaves were lyophilized and ground to pass a 40-mesh screen. Total nitrogen content was determined by micro-Kjeldahl analysis (Bradstreet 1965) . Total nonstructural carbohydrate content was measured by using the anthrone reagent test, with serial dilutions of sucrose as standards (Quarmby and Allen 1989) . Absorbance was measured at 625 nm and converted to the amount of total nonstructural carbohydrate (mg) per gram dry weight of leaf sample. Protein binding capacity was determined by a radial diffusion assay (Hagerman 1987) , using quebracho tannin as a standard. Associations between leaf gall density and these parameters were examined using the nonparametric SpearmanÕs rank correlation test. Log transformations were used as necessary to correct heterogeneity of variance, but all data are presented in original units as mean Ϯ SEM.
Parasitism. We tested for density-dependent parasitism on several spatial scales, using data from the samples collected on 23 June. The risk of parasitism per gall for galls at different leaf positions on a shoot and at different densities per leaf was calculated as (proportion of leaves containing at least one parasitized gall) ϫ (proportion of galls parasitized per parasitized leaf). Leaf gall wasps killed by Ceroptres sp.
inquilines were included in the analysis, but dry, brown leaf galls containing C. cornigera that died from unexplained causes were excluded. The proportion of parasitized leaf galls at all spatial scales was arcsine square-root transformed before analysis (Zar 1996) , but original data are presented. Relationships between the proportion of parasitized galls and number of galled leaves or galls per tree, shoot, or leaf, were examined using linear regression (SAS Institute 1995).
Results
Leaf Gall Distribution. In all, 2,425 leaves were examined on 216 sampled shoots from 12 trees, and from these, 3,263 mature C. cornigera leaf galls developed on 954 galled leaves (Table 1) . Gall density varied greatly among the sampled leaves, shoots, and trees, but variation decreased as the spatial scale was reduced. Although leaf gall density appeared to be aggregated at the whole-tree level (nested ANOVA, F ϭ 5.81; df ϭ 2, 11; P Ͻ 0.05), it tended to be evenly distributed within trees at the lower, middle, and upper canopy levels (Table 1 ; F ϭ 0.15; df ϭ 6, 35; P ϭ 0.99).
The number of leaf galls on shoots sampled from lightly, moderately, and heavily infested trees ranged from 0 to 132 (Table 1) , but 76.3% of all shoots had Յ20 leaf galls (Fig. 1 AÐC) . About 20.5% of all shoots sampled contained no leaf galls. Observed frequencies of galls per shoot deviated signiÞcantly from expected (random) frequencies based on the Poisson distribution (Fig. 1A, light, 2 ϭ 747.2, df ϭ 10, P Ͻ 0.0001; Fig.  1B , moderate, 2 ϭ 68,330.0, df ϭ 23, P Ͻ 0.0001; Fig.  1C , heavy, 2 ϭ 17,404.3, df ϭ 36, P Ͻ 0.0001), and approached a uniform, platykurtic (ßat) distribution. More leaf galls tended to occur on the basal 60% of shoots (Fig. 2) . Mean shoot length was 15.6 Ϯ 1.1, 16.0 Ϯ 1.1, and 21.9 Ϯ 1.6 cm for lightly, moderately, and heavily galled trees, respectively. Shoots on heavily galled trees were signiÞcantly longer than on lightly or moderately galled trees (F ϭ 7.27; df ϭ 2, 215; P Ͻ 0.001). SigniÞcantly more galls formed on longer than on shorter shoots (R 2 ϭ 0.15, P Ͻ 0.0001). The number of leaves per shoot ranged from 4 to 31 and averaged 11.2 Ϯ 0.3, and was positively related to the number of galls per shoot (R 2 ϭ 0.17, P Ͻ 0.0001, n ϭ 216 shoots). However, the mean total number of leaves sampled per infestation category did not signiÞcantly differ (F ϭ 0.77; df ϭ 2, 11; P ϭ 0.49; 191.8 Ϯ 14.5, 194.5 Ϯ 11.0, and 220.0 Ϯ 24.8 for lightly, moderately, and heavily galled trees, respectively). As would be expected, longer shoots also had signiÞ-cantly more leaves than shorter shoots (R 2 ϭ 0.65, P Ͻ 0.0001).
The number of galls per leaf ranged from 0 to 18 (Table 1) , but 60.8% of all sampled leaves had no galls, and 25.8% of leaves had 1Ϫ3 galls. Observed frequencies of galls per leaf differed signiÞcantly from expected (random) frequencies based on the Poisson distribution (Fig. 3A, light, 2 ϭ 277.7, df ϭ 6, P Ͻ 0.0001; Fig. 3B , moderate, 2 ϭ 1,802.1, df ϭ 8, P Ͻ 0.0001; Fig. 3C , heavy, 2 ϭ 4,713.6, df ϭ 10, P Ͻ 0.0001). Mean length of galled leaves did not vary among infestation levels (F ϭ 0.03; df ϭ 2, 957; P ϭ 0.97), and averaged 10.6 Ϯ 0.1 cm (range, 0.7Ϫ21.1 cm). There was a slight trend for more galls to form on longer leaves (R 2 ϭ 0.005, P Ͻ 0.05). Within leaves, proportionately more galls were located on primary lateral veins (59.5%) or midveins (38.1%), as compared with the petioles (2.0%) or secondary lateral veins (0.4%) ( 2 ϭ 109.9, df ϭ 27, P Ͻ 0.001). All galls were on the abaxial leaf surface, but were not aggregated in either the apical or basal portion, or to either side of the midvein. Shoot and Leaf Characteristics. Leaf gall density within whole trees was not related to the treeÕs percentage of leaf expansion (R 2 ϭ 0.23, P ϭ 0.11) or percentage of shoot expansion (R 2 ϭ 0.21, P ϭ 0.14) in mid-May. By 20 May, when the measurements were taken, tree-wide averages for percentage expansion (relative to full size) were 66 (range, 41Ϫ77%) and 62% (range, 33Ϫ100%) for leaves and shoots, respectively. Percentage expansion did not vary among infestation categories (F ϭ 1.91; df ϭ 2, 11; P ϭ 0.20, and F ϭ 0.71; df ϭ 2, 11; P ϭ 0.52 for leaves and shoots, respectively). Concentrations of foliar nitrogen, nonstructural carbohydrates, and protein binding capacity (in quebracho tannin equivalents) averaged 43.0 Ϯ 1.0, 1.0 Ϯ 0.1, and 1.2 Ϯ 0.1 mg/g dry weight among trees, respectively. These parameters also did not vary among infestation categories (F ϭ 0.44, 0.20, 1.84; df ϭ 2, 11; P ϭ 0.66, 0.83, 0.21 for nitrogen, carbohydrates, and tannins, respectively). Tree-wide leaf gall densities were not signiÞcantly related to mean foliar nitrogen (R 2 ϭ 0.0004, P ϭ 0.95), nonstructural carbohydrates (R 2 ϭ 0.02, P ϭ 0.62), or protein binding capacity (R 2 ϭ 0.03, P ϭ 0.61) of leaf samples from these trees.
Parasitism. Leaf galls induced by C. cornigera supported a complex of hymenopteran parasitoids, including Aprostocetus spp., Pentastichus spp. (Eulophidae), Sycophila spp., Eurytoma sp. (Eurytomidae), Brasema sp. (Eupelmidae), and Ormyrus labotus Walker (Ormyridae) (see also Eliason and Potter 2000b) . All were solitary ectoparasitoids that attacked older C. cornigera larvae and pupae, and tended to emerge before C. cornigera adults. Eulophids accounted for Ͼ80% of the parasitized galls. Aprostocetus spp. are facultative hyperparasitoids (Eliason and Potter 2000b) ; they frequently attacked remaining parasitoid pupae in leaf galls in June. The only inquiline was a Ceroptres sp., and it also inhabited stem galls. It tended to exit leaf galls after adult C. cornigera had exited. Of the 1,405 leaf galls collected on 23 June, 74.0% were parasitized, 4.9% were killed by Ceroptres sp., 18.4% died of unknown causes, and 2.7% produced C. cornigera adults. Only one wasp, either C. cornigera, a parasitoid, or an inquiline, exited from each leaf gall.
Mortality of C. cornigera from parasitoid or inquiline attack varied only slightly with the spatial level at which samples were analyzed. The relationship between percentage of parasitism and leaf gall density was density-dependent at the whole-tree level (n ϭ 18 shoots per tree) ( Fig. 4A ; R 2 ϭ 0.64, P Ͻ 0.01). However, the numbers of galls per shoot ( Fig. 4B ; R 2 ϭ 0.017, P ϭ 0.27) and leaf (Table 2 ; R 2 ϭ 0.003, P ϭ 0.27) were not signiÞcantly related to the proportion of galls parasitized at those levels. The proportion of parasitism also appeared to be unrelated to the presence of galls occupying different leaf positions within shoots (Table 3) .
Discussion
Spatial distribution of insects within trees may be affected by numerous factors including parasitism or predation , Hassell 1985 , Ehler 1986 ), dispersal ability of immatures or adults (Whitham 1981 (Whitham , Åhman 1984 , competition (Hails and Crawley 1991) , host plant resistance (Smith et al. 1983, Mattson and Scriber 1987) , budburst phenology , Mopper and Simberloff 1995 , Eliason and Potter 2000c , or other factors (e.g., Frankie et al. 1992 ). In particular, distributions of gall-inducers are often aggregated among and within individual plants; certain individual plants and plant tissues are more frequently attacked than others (Askew 1962 , Rosenthal and Koehler 1971 , Hails and Crawley 1992 .
In this study, we demonstrated that leaf galls induced by agamic C. cornigera are aggregated on individual trees, shoots, and leaves. This distribution may largely result from the waspÕs oviposition behavior, which is synchronized to bud phenological development in early spring (Eliason and Potter 2000c) . Subsequent survival of the leaf-galling (sexual) generation is strongly affected by parasitism. Few studies have addressed how host spatial patterns affect density dependence of parasitoid attacks (Rothman and Darling 1991) . Effects of ovipositional behavior on the distribution of leaf galls within individual pin oak trees probably are most strongly reßected at the shoot and leaf levels. It is unlikely that, given their limited propensity to ßy (Eliason and Potter 2000c) , C. cornigera adults could select hosts at the whole-tree level. Rather, agamic C. cornigera oviposit into the leaf tissue of swelling, green-tip buds (Eliason and Potter 2000c) , which elongate to form shoots. Egg placement on particular leaves in buds may be restricted by the waspÕs ovipositor length. Female ovipositors may not be long enough to deposit eggs in the innermost, youngest leaves within buds (Eliason and Potter 2000a) , thereby limiting oviposition to the middle and outer leaves in buds. Leaf galls thus form mainly on the basal 60% of expanded shoots. In addition, females may sense differences in leaf or vein thickness while probing buds, which could explain the near-exact placement of eggs next to large veins (midveins or primary lateral veins, and less frequently, petioles) while juvenile leaves are still within closed buds.
Variation in tree defensive chemistry and nutrient concentration may also affect herbivore distribution and survival. Some cynipid gall-inducers, however, may be able to manipulate their hostÕs resources for their own beneÞt (Shorthouse 1986, Hartley and Lawton 1992) . Tannins, although often considered defensive, protect cynipids from fungal infection (e.g., Cruickshank 1980 ) and can be positively related to the gall density of other cynipids (Taper and Case 1987) . Alternatively, plants with relatively high nitrogen levels may have higher cynipid mortality (Hartley and Lawton 1992) . Leaf nitrogen levels are highest during early budburst in oak trees , which may be important for gall initiation, and then decline as leaves mature. In our study, tree-wide leaf gall densities of C. cornigera were not signiÞcantly related to protein binding capacity, nitrogen, or carbohydrate concentrations in leaf samples.
Parasitism is another important factor that may regulate gall-inducer populations (Askew 1961) . If a gallinducer disperses and escapes its natural enemies, its numbers may increase until potentially regulated by competition for food or oviposition sites (Hails and Crawley 1991) , or host-related factors. Density-dependent parasitism implies that parasitoids lay relatively more eggs in areas of high host density, which causes a stabilizing effect on the host population (see Heads and Lawton 1983, Hassell 1985) . This has been found most often at small sampling scales in other gall-inducer systems, including thistle (Redfern et al. 1992) , goldenrod (Rothman and Darling 1991) , and others (Washburn and Cornell 1981 , Latto and Briggs 1995 , Lill 1998 ). In our study, leaf gall parasitism tended to be just slightly higher on heavily galled trees, shoots, and leaves, indicating only a weak density-dependence, or even density-independence. Factors potentially limiting a parasitoidÕs ability to regulate its host population may include having a limited egg load, competition within or among species in the complex, or adverse environmental conditions (Washburn and Cornell 1981 , Heads and Lawton 1983 , Frankie et al. 1992 . The sexual, leaf-galling generation of C. cornigera is more vulnerable to attack by parasitoids than the agamic generation on pin oak. Agamic larvae developing in woody stem galls are protected by a thick layer of gall tissue, compared with the very thin layer of leaf tissue surrounding sexual larvae of C. cornigera. Small-bodied parasitoids with short ovipositors could easily penetrate the leaf galls, whereas only parasitoids with longer ovipositors could attack larvae more deeply-embedded in large stem galls (Askew 1975 , Washburn and Cornell 1981 , Wiebes-Rijks and Shorthouse 1992 . In our system, leaf galls contain only single C. cornigera larvae, whereas stem galls may contain from one to Ͼ200 gall-inducer larvae (Eliason and Potter 2000b) . Indeed, proportionately more agamic C. cornigera survive and fewer are parasitized as stem gall diameters increase (Eliason and Potter 2000b) . Although 60Ϫ80% of the sexual generation of C. cornigera were parasitized, the lack of strong regulation by the parasitoid complex and the high survivorship of agamic offspring in stem galls could together allow large populations of C. cornigera to build over time, contributing to high between-tree variation in leaf gall densities (Eliason and Potter 2000a) .
In summary, this study simultaneously examined the inßuence of both host plant-related factors (e.g., tree growth rates, foliar nutrients and protein binding capacity) and parasitism on the distribution and abundance of a gall-inducing cynipid. The tree parameters measured were not related to leaf gall abundance or distribution. Parasitoids were an important source of mortality for the sexual generation of C. cornigera, but their attack was only weakly density-dependent. Parasitoid inßuence on population ßuctuation over time remains to be determined.
